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What is an FM-OFDM waveform?

• Constant-envelope waveform whose instantaneous frequency is an 
OFDM signal carrying the information [1].

𝑓ሾ𝑛ሿ

• Information is mapped on the subcarriers in the
spectrum of the instantaneous frequency 𝑓ሾ𝑛ሿ.

• A parameter 𝑘଴ is introduced called the cutoff subcarrier such that information is mapped 
above it in the instantaneous frequency spectrum.

• This is done to limit the impact of Doppler, phase noise (PN), and carrier frequency offset 
(CFO) impairments on the information-bearing subcarriers.

modulation index

Spectrum of 𝑓ሾ𝑛ሿ
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FM-OFDM waveform generation

• Shaded blocks are additional to CP-OFDM processing blocks.
• Dashed blocks are not required in AWGN or flat-fading conditions.
• ZP (Zero Padding) is more convenient in doubly-dispersive channels, 

whereas CP (Cyclic Prefix) can be valid at moderate Doppler/PN regimes.

CP/ZP

information
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Rationale for frequency modulation 
with an OFDM signal

Phase/frequency impairments are additive in the 
instantaneous frequency. No ICI appears as a result.

Encoding the information in the phase differences (rather 
than in the phases, like in CE-OFDM [2]) brings added 
robustness to phase/frequency impairments.
 Frequency tends to exhibit much slower variations than phase.
 Both Doppler and PN concentrate their effects on the lower subcarriers 

of the instantaneous frequency (CFO has no contents beyond DC!).

Modulating with an OFDM signal allows further control:
 Information can be mapped on subcarriers above 
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Bandwidth and Spectral Efficiency

 RMS Bandwidth:
 𝐵௥௠௦ ≃ 2 𝑚𝑓௦ ൅

ேೌ
ଶ ೞ்

(Carson’s rule).

 𝑁௔: no. active subcarriers; 𝑇௦: symbol
period; 𝑓௦: sampling frequency.

 Similar to CE-OFDM, but with slightly
different modulation indexes.

 Spectral efficiency: 𝝐 ൌ 𝑵𝒂𝑲𝑸𝑨𝑴
𝟒𝑻𝒔 𝒎𝒇𝒔ା

𝑵𝒂
𝟐𝑻𝒔

 At very low 𝑚, 𝜖 → ௄ೂಲಾ
ଶ

from the hermiticity of the instantaneous frequency 
spectrum: only half of the subcarriers bear information.
 This can be improved by using offset modulation techniques [8] or subcarrier-

dependent power allocation schemes [9].
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SNR in AWGN conditions with no 
channel/PN impairments

 SNR of the k-th subcarrier:

 When SNR ≥ threshold SNR (typically, 10 dB): 

 Below the threshold SNR, errors can 
be significant when phases cross the
boundaries from േ𝝅 to ∓𝝅.
 Threshold extension techniques can reduce

the threshold SNR below 10 dB [2,3].
 Phase errors also pose a limit to 𝒎

as a function of the modulation order
and the channel.

Similar to the “noise 
quieting effect” in 
analog FM

Threshold effect

Noise reduction at the lower subcarriers
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 Modulation index brings extra 
performance control at the cost 
of varying BW.
 Depends on the channel, modulation

order, and no. active subcarriers. 
 At high m, BER outperforms 

CP-OFDM above the threshold.
 Typically, 10 dB (can be reduced via 

threshold extension techniques [3]).
 FM-OFDM and CE-OFDM are 

equivalent in terms of BW, 
performance, and spectral 
efficiency in AWGN.
 max. 𝑚ிெ ൌ 0 to ~0.6/2𝜋 
 max. 𝑚஼ா ൌ 0 to ~2.5/2𝜋

BER in AWGN conditions with no 
channel/PN impairments

AWGN, 64QAM, 𝑁 ൌ 512, 𝑁௔ ൌ 64
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Analysis of FM-OFDM in flat-fading 
channels (I)

Received signal (ignoring CP/ZP): 

 𝑏 𝑛 ,𝜓: channel’s time-varying amplitude and phase, respectively.
 𝜑௘ 𝑛 ൌ 𝜑஽ 𝑛 ൅ 𝜑௉ 𝑛 ൅ 𝜑஼ሾ𝑛ሿ contains the time-varying phases of 

Doppler, PN and CFO impairments,
 𝑤 𝑛 ൌ 𝑤௥ሾ𝑛ሿ ൅ 𝑤ఏሾ𝑛ሿ: circularly-symmetric Gaussian term ~𝒞𝒩 0,𝑁଴

 Taking the phase differences, assuming slow variations:

 Channel state has no impact on detection. Channel estimation and 
equalization are no longer required to recover the signal.

 Impairments are additive in the instantaneous frequency domain.
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 What is the spectral width 𝑾𝒆 of the Doppler, PN, and CFO 
impairments when seen in the instantaneous frequency domain?
 Combined Doppler and PN spectral width: 𝑊௘ ≲ max 𝑓஽ ,𝑊௉ே .

 𝑓஽: Doppler spread; 𝑊௉ே: PN spectral width.
 CFO spectral width: 0 (only involves a DC component!).

 Impairments from Doppler, PN and CFO can be confined within a 
spectrum region roughly bounded by:

 Just a first estimation: the optimum 𝑘଴ should be assessed by simulation.
 Depends on the modulation order and BER operating point.

 𝑘଴ ൌ 0 in most practical underspread channels (where delay spread is much more 
relevant than doppler spread), including NTN channels (see sl. 13-14).

Analysis of FM-OFDM in flat-fading 
channels (II)
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 Plots obtained without PN 
compensation.

 No channel estimation or 
equalization in FM-OFDM.
 Much higher resilience than 

MMSE-detected CP/CE-OFDM 
above the threshold SNR.

 Barely affected by PN up to at 
least 200 GHz.

 CP-OFDM and CE-OFDM are 
barely usable above 30 GHz.
 Need to mitigate PN-induced 

CPE (Common Phase Error) 
and ICI.

BER in AWGN conditions under PN 
with 𝟎

AWGN, 64QAM, 𝑘଴ ൌ 0, 𝑚 ൌ 0.6/2𝜋, 𝑁 ൌ 512, 𝑁௔ ൌ 128
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 No channel estimation or equalization needed in FM-OFDM
 In QPSK, mobility is even beneficial from the extra Doppler diversity:

 Any loss from a deep fade in part of the symbol may be compensated by samples in 
another part of the symbol with less deep fade contributing to the same subcarrier.

 In 16QAM, degradation from 250 to 1000 km/h is lower than 2 dB.
 Further characterization of FM-OFDM in NTN channels is provided in [5].

BER in flat-fading channels under 
high Doppler with 𝟎

Flat Rayleigh, QPSK, 𝑘଴ ൌ 0, 𝑚 ൌ 0.6/2𝜋, 𝑁 ൌ 512, 𝑁௔ ൌ 128 Flat Rayleigh, 16QAM, 𝑘଴ ൌ 0, 𝑚 ൌ 0.6/2𝜋, 𝑁 ൌ 512, 𝑁௔ ൌ 128
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 Estimated 𝒌𝟎 is ~0 in most practical cases.
 Numerical results shows the need for 𝒌𝟎 ൐ 𝟎 only at very high 

speeds and/or small SCS.
 Only at ≥ 1000 km/h, especially at LEO speeds (25000 km/h).
 Increasing 𝑘଴ beyond the estimated value brings diminishing returns and, 

in some cases, degrades BER (from the 1-cos() subcarrier noise, sl. 7).
 The optimum 𝒌𝟎 is a trade-off between Doppler/PN avoidance 

and SNR degradation (see next slide).

Impact of 𝟎 in NTN flat-fading 
scenarios (I)

Estimated cutoff subcarrier with no PN:

Flat Rayleigh, SCS ൌ 3.75 𝑘𝐻𝑧, 1000/2000 km/h Flat Rayleigh, SCS ൌ 15 𝑘𝐻𝑧, LEO, 25000 km/h

Minor improvement
above 𝑘଴ ൌ 9
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 How is Doppler seen in 
the instantaneous 
frequency spectrum?
 Doppler impairments are 

captured in the central 
subcarriers.

 Increasing 𝑘଴ has a positive 
effect until the 1-cos() noise 
starts to degrade SNR.

 Optimum 𝒌𝟎 should be 
assessed via simulation.
 The value that yields best 

performance depends on the 
modulation and the spillover 
of Doppler and phase noise 
over the data subcarriers.

Impact of 𝟎 in NTN flat-fading 
scenarios (II)

Theoretical 𝑘଴ ൌ 7

Simulated 𝑘଴ ൌ 10

Theoretical 𝑘଴ ൌ 7

Simulated 𝑘଴ ൌ 20

Theoretical 𝑘଴ ൌ 7

Simulated 𝑘଴ ൌ 30

Theoretical 𝑘଴ ൌ 7

Simulated 𝑘଴ ൌ 100

1-cos() noise
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 Equalization is needed to overcome the channel’s delay spread.
 However, it is generally not capable of perfectly aligning multipath 

components, and residual signal contributions remain after 
equalization.

 The instantaneous frequency at the output of an equalizer reads:

 𝜓෠: residual (constant) phase.
 𝜑ො௘ 𝑛 : residual (time-varying) phase from Doppler, PN, and CFO.
 𝜖̂ 𝑛 ൌ arg ∑ ℎ෠௘ 𝑛, 𝑧 𝑠ሾ𝑧ሿேିଵ

௭ୀ଴ : residual signal term stemming from imperfect 
equalization, where ℎ෠௘ 𝑛, 𝑧 is a residual impulse response.

 Since 𝝐ො 𝒏 contains a convolution of the signal and a residual 
channel, the spectral width of the impairments obeys 𝑾𝒆 ൒ 𝒇𝑫. Then:

Analysis of FM-OFDM in 
frequency-selective channels (I)
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 The extent to which multipath is removed from the 
received signal determines performance.
 The more effectively the equalized signal resembles the output of a 

one-tap fading channel, the closer 𝑊௘ will be to 𝑓஽.
 Equalization performance is determined by the amount of residual 

signal contribution whose phase variations 𝜖̂ 𝑛 are not absorbed by 
the cutoff subcarrier.

 The goal of the equalizer is to effectively remove delay 
spread from the received signal.
 It must combine the time-varying multipath responses into a single tap 

response within the symbol but does not need to estimate Doppler 
components as long as they mostly remain below the cutoff subcarrier.

Analysis of FM-OFDM in 
frequency-selective channels (II)



17

 Zero-Padding brings zeros at the 
symbols’ inputs because of the 
circular convolution. Thus, the 𝐿
top-right coefficients in the CIR 
matrix can be safely set to 0 [4].

 The resulting CIR channel matrix 
𝑯 ∈ ℂ𝑵𝑻ൈ𝑵𝑻 becomes upper 
triangular:
 The output signal reduces to a linear 

combination of 𝐿 െ 1 previous samples 
weighed by the channel coefficients.

 The LTV channel can therefore be locally 
described by a piecewise-approximated 
LTI channel whose CIR matrix 𝑯𝒊 ∈
ℂ𝑵𝑻ൈ𝑵𝑻 corresponding to the 𝑖-th interval 
𝑖∆൑ 𝑛 ൑ ሺ𝑖 ൅ 1ሻ∆ is circulant.

Piecewise equalization with Zero-
Padded waveforms (I)

𝑁் ൌ 𝑁 ൅ 𝑁௓௉
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 A set of 𝑵𝑳 piecewise channel responses 
are obtained that locally characterize the 
LTV channel at the 𝑵𝑳 intervals:

 This suggests a strategy based on a bank 
of equalizers for each i-th interval, 0 ൑ 𝑖 ൑
𝑁௅ െ 1:

 Outputs can then be combined via window 
functions 𝒕𝒊ሾ𝒏ሿ (raised cosine, trapezoidal, 
etc.) to yield the equalized output:

Piecewise equalization with Zero-
Padded waveforms (II)
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 Results of piecewise-equalized FM-OFDM (further elaborated in [6]):
 Uncoded BER @120 km/h: comparable to MMSE-OTFS in QPSK, superior to MMSE-OTFS in 16QAM, 

superior to DFE-OTFS in 64/256QAM above the threshold SNR.
 Rather insensitive to speed up to 500 km/h in QPSK and 16QAM.
 Remarkably good performance at high modulation orders (16/64/256QAM).

BER in highly doubly-dispersive 
channels w/ piecewise equalization

TDL-C, 𝑘଴ ൌ 0, 𝑚 ൌ 0.8/2𝜋, 𝑁௅ ൌ 4, 𝑁 ൌ 1024, 𝑁௔ ൌ 600, 120 km/h TDL-C, 𝑘଴ ൌ 0, 𝑚 ൌ 0.8/2𝜋, 𝑁௅ ൌ 4, 𝑁 ൌ 1024, 𝑁௔ ൌ 600, 30-500 km/h

FM-OFDM outperforms OTFS 
at higher modulation orders

FM-OFDM insensitive
to speed
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Conclusions and further lines of 
work

 FM-OFDM can cope with highly dispersive channels thanks to:
 Strong resilience to time-varying impairments thanks to the differential phases 

and the presence of the cutoff subcarrier.
 No estimation or equalization needed in frequency-flat channels (or Rician with a 

high 𝐾 factor) regardless of the Doppler and PN severity.
 The equalizer only needs to compensate the time-varying multipath profile in 

frequency-selective channels. No need to estimate any Doppler components.
 Further lines of work:

 Channel estimation and equalization (ongoing work at UC3M [6][7]).
 Receiver structures for reduction of the threshold SNR.
 Inclusion of MIMO capabilities.
 Spectral shaping to improve spectral confinement.
 Diversity order and comparison with state-of-the-art (e.g., OTFS, AFDM).
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